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Introduction |

For applications requiring high beam quality radiation from efficient, compact and -
rugged sources, diffraction limited fiber lasers are ideal, and to date have been
demonstrated at average CW power levels exceeding 100 W with near diffraction limited
output. For conventional single-core step-index single-mode fibers, this power level
represents the scaling limit because of nonlinear and laser damage considerations.

Higher average powers would exceed nonlinear process thresholds such as the Raman
and stimulated Brillouin scattering limit, or else damage the fiber due to the high
intensity level in the fiber’s core. The obvious way to increase the average power
capability of fibers is to increase the area of their core [1]. Simply expanding the core
dimensions of the fiber allows a straightforward power scaling due to enhanced nonlinear
and power handling characteristics that scale directly with the core area. Femtosecond,

~ chirped-pulse, fiber lasers with pulse energies greater than 1mJ have been demonstrated
in the literature [2] using this technique. This output energy was still limited by the onset
of stimulated Raman scattering. We have pursued an alternative and complimentary
approach which is to reduce the intensity of light propagating in the core by distributing it
more evenly across the core area via careful design of the refractive index profile [3].

We have also sought to address the primary issue that results from scaling the core. The
enhanced power handling capability comes at the expense of beam quality, as increasing

the core diameter in standard step index fibers permits multiple transverse modes to lase .
simultaneously. Although this problem of multimode operation can be mitigated to some
extent by appropriately designing the fiber’s waveguide structure, limitations such as e
bend radius loss, sensitivity to thermally induced perturbations of the waveguide .

structure, and refractive index control, all become more stringent as the core diameter

grows, limiting the extent to which the core diameter can be grown and still ensure single
mode operation from the fiber. The large flattened mode fiber addresses some of these
limitations and enables a new approach to single transverse mode operation of large

mode area (LMA) fibers, providing a route to high average powers exceeding 1 kW from

a smgle aperture in a Strehl-ratio-optimizing ﬂat-topped output beam.
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There are two degrees of freedom i in the way ‘modal gam dxscnmmatxon can be managed

in cylindrically symmetric fibers. Both the refractive index profile and the gain profile

can be modulated radially to first promote specific modal fields, and then to favor some
subset of the total supported mode spectrum of the structure. As an example, Fig. 1 -
shows a specific refractive index profile and gain profile that supports a flattened-mode.

A very low NA structure is utilized to limit the total number of modes that are gmded by '

 the fiber.
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symmetric fiber. (b) Radial gam proﬁle of fiber (0 indicates no gain and
1 1ndlcates gain).

The particular design shown in Fig. 1 corresponds to a 50 pm diameter fiber core and

uses refractive index values that are conveniently accessible in fused silica. The gainis

confined to an interior region having a radial extent of 22.2 um, leaving a 2.8 pm wide
outer undoped annular ring with a refractive index elevated from the outer cladding by

5x10™. The specific choice of the index structure shown in Fig. 1a limits the total
number of supported transverse modes to only three, and as will be shown, one of these
has the desired flat-topped irradiance profile. The gain profile shown in Fig. 1bis then
designed to-strongly favor this preferred flat-topped mode over the other supported
modes. Importantly, the fiber design in Fig. 1a uses index step variations of 1x10%,
which are within the control limits of today’s fused silica based fiber preforms ﬁ'om
which fibers are pulled.

Figure 2 shows the only allowed m=0 elgenmode, where m refers to the azunuthal
quantum number of the elgenmode (™), of the optlcal structure shown in Flg la.
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- Fig. 2. The only allowed m=0 eigenmode of the index modulated
structure shown in Fig. 1a. Also indicated in green is the gain and in red
the index profile (not to scale).

The elevated index in the annular ring between 22.8 um and 25 pm is present to ensure
the mode shown in Fig. 2 is confined. Additionally, the width and height of this elevated
index ring is chosen to engineer the confined mode in Fig. 2 so as to have a nearly flat
irradiance profile within the central portion of the fiber. Because a flat-topped profile is
the aperture distribution that gives the highest Strehl ratio, this feature of our fiber design
is very important for any application requiring optimized on-axis laser intensity in the far
field. Additionally, the flat-topped mode benefits damage considerations, as there are no
local regions having peaked irradiance. The effective mean field diameter of the m=0

- mode in Fig. 2 is 54 pm and was chosen to maintain robust single mode behavior in the
presence of the thermal gradients that will be set up in the actively pumped structure..
This design consideration will be discussed in more détail below.

The gain experienced by different laser modes is proportlonal to the overlap factor, I, of
‘the mode’s intensity envelope with the gain-loaded portion of the fiber

1
.

where g(r) is a function with value unity in those portions of the fiber that are gain loaded
and 0 where there is no gain loading. This is a straightforward calculation once the

.o ' o (D)




eigenmode fields are known. In addition to the m=0 eigenmode : shown in Fig. 2, the
optical structure shown in Fig. 1a also supports a single m=1 elgenmode and'a smgle '
m=2 elgenmode, both of which are shown in F1g 3
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F1g 3. (a) The only allowed m—l elgenmode of the fiber structure shown
in Fig. 1a. Also indicated in green is the gain profile and in red the index
profile (not to scale). (b) The only allowed m=2 elgenmode of the ﬁber
structure shown in Fig. 1a. ‘

The eigenmodes depicted in Figs. 2 and 3 are the only allowed eigenmodes supported by
the optical structure in Fig. 1a. The eigenmode shown if Fig. 2 fills the aperture and is
nearly flat-topped in profile, which means it will have a high Strehl ratio, and for this
reason is the mode we want to favor in the operation of the device. Locating the gain
along the center of the fiber, coinciding with the index well there, as shown in Fig. 1a.
gives a gain discrimination between the allowed modes that favors the flat-topped mode
the overlap of the flat-topped mode shown in Fig. 2 is 0.79, while that of the modes
shown in Fig. 3 is only 0.58 for the m=1 mode and 0.33 for the m=2 mode

The same design rationale that went into engineering a cylindrical index profile to ensure
it supported a flat-topped mode can also be applied to ribbon structures in the transverse
dimension perpendicular to the ribbon-guiding dimension. An example of such a flat-
topped enabling one transverse dimension index structure is shown in Fig. 4
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Fig. 4. One-dunenmonal"ff&f’fé‘iﬂ?&"ﬂxode structure that can be constructed
from soft glasses and is compatlble with refractive index control at the
level of 1x107. ‘ :

The connection with the two-dimensional cylindrically" symmetric shown in Fig, lis
evident. The elevated index tabs at the edge of the waveguide region are engineered in  ~
their height and width to specifically support the flat-topped mode that is depicted in Fig.
5. _

Eigenmode Field Profile

A v o N o ©

: 'Elgenmodes

LR

=20 -10 0 1(|J” 26 36 ) 46‘ 56 ' 6(|J T 70 ) 80

Position (microns)
Fig. 5. The one-dimensional waveguide structure of F1g 4 supports the
flat-topped mode shown here. Also indicated in green is the gain proﬁle
and in red the index profile (but not to scale).
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waveguide shown in Fig. 4 with the gain-loaded portion of the wavegulde
~ as a function of the eigenmodes’ effective index value. - :

The graph in Fig. 6 plots the calculated overlap of the eigenmodes supported by the one-
dimensional waveguide structure of Fig. 4 the gain-loaded portion of the waveguide, the
I factor given by (1), as a function of the eigenmodes’ effective index value. Thisis a
straightforward calculation once the eigenmode fields are known. The effective index
values, nes, associated with the various eigenmodes of the structure is deﬁned by,

»

where B is the longitudinal wavevector associated with the eigenmode. From (2) itis
seen that ¢/neg is just the phase velocity associated with the eigenmode as it propagates in
the ribbon structure. The two parameters, neg and I, compleétely define an eigenmode in
terms of its wave-optics propagation and energetics behavior. The spectrum of values of
nesr and I for a given structure completely defines its modal properties, which can be
conveniently summarized in a plot such as Fig. 6. Examining Fig. 6, the highest effective
index eigenmode, which corresponds to the flat-topped mode plotted in Fig. 5, is also the
mode with the highest gain overlap. The larger number of eigenmodes supported by the
one-dimensional structure of Fig. 4 compared to the cylindrically symmetric fiber
structure of Fig. 1 is a result of the larger An (index variations) used in its design. Even
so, the highest gain mode in Fig. 6 has an overlap with the gain region that is
discriminated by 5% from the next highest gain mode, a level that should be sufficient to
measure experimentally. Figure 7 illustrates how this approach is apphcable to the thin
dimension of a ribbon fiber.
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- Fig 7. End on view of a ribbon fiber containing elevated index tabs in the
strips located at the top and bottom of the waveguide region. These tabs
enable the vertical transverse dimension of the waveguide to be increased

- - while still ensuring ﬂat-topped mode operatxon in that d1men51on as detailed
above

Experlment

In figure 8 we show the refractive index profile for the flat-topped fiber mode we
obtained for our experiments on the left hand side. On the right hand side of figure 8, we
show the intensity distribution of a large flattened mode fiber design (LFM) and a control
standard step index profile fiber of the same core diameter normalized such that the total

_power contained in the two modes is the same. (i.e. The two intensity distributions
contain the same total power after the integration over the full cross sectional area is
performed.) We see the LFM design decreases the peak intensity on axis by a factor of
2.46, which should lead to a significant decrease in the amount of stimulated Raman
scattering for a given pulse energy, while not compromlsmg the power handling
capability.

Fundamental Mode Intensity Profile and Index Normalized Intensity Profile of Fundament
Profile LFM Fiber ‘ Modes in Control and LFM Fibers
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Figure 8: Left: refractive index profile and preferred mode of LFM fiber.
Right: comparison of the intensity proﬁles ofa step index ﬁber and an LFM
fiber with the same total power.



We purchased a 30- um core, O 06 NA step-mdex, control fiber (Nufern) wﬂh a400um
hexagonal cladding with a low index polymer coating (pump clad NA=0.37). The core
was doped with Yb*' such that there was an effective core absorption of 120dB/m at
977nm. We also purchased a nearly identical fiber from Nufern, but with the raised rmg
that gives the LFM fiber its distinctive index profile. The inner core diameter of the LFM
was 25.3pm and the outer core diameter was about 30-um FWHM, the effective NAof
the structure was approximately 0.06. The outer claddmg and Yb3 doping were the same
as for the control ﬁber

We then coupled 1 2-ns 1075-nm, 10-Hz stretched mode—locked laser pulses into 9. lm of
the control fiber and 8:3m of the LFM fiber. The input energy coupled into the fiber
cores was 15p). 977nm pump light from a 10W diode laser array was counter
propagated through the fiber to pump the Yb* ions. The diode light was pulsed at 10Hz
for 1ms timed to precede the arrival of the signal light. In figure 9 below, we show the
amplified output energy of the two fibers on the left hand side measured with a
Molectron energy meter. As expected they produce roughly the same output energy as a
function of pump diode current. In right hand side however, we plot the percentage of
the signal power contained in the first stokes spectra as measured with an Ocean Optics
fiber coupled spectrometer. Here we see, the LFM fiber shows significantly less Raman
energy build up as a function of diode current than the control fiber. This is in agreement
with what we expected from the design. In addition, we achieved greater than 0.6mJ
output pulses from the LFM amplifier with less than 5% of the energy in the Raman
spectral band by utilizing pulses stretched to 3ns. With straightforward scaling of Yb**
doping concentration to reduce the amplifier length, increasing the core size to 50pum and
increasing the pump energy an optimized design could yield output pulses with greater
than 10mJ of energy and virtually no degradation due to stimulated Raman scattering
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Fig. 9: Left: output energy vs. pump diode current for the step index control
fiber and the LFM fiber. Right: Raman peak spectral powerasa flmctlon of
the pump diode current for the same fibers.



Conclusions

Our initial investigation of the large flattened mode fiber index profile appears promising
For fibers with similar core sizes, doping concentrations and lengths, we have shown a
significant decrease in the amount of Raman scattering in the LFM fiber over a standard
step-index fiber. We are in the process of obtaining higher power pump diodes, which
will enable us to better quantify the total output energy available from the fiber presently
in house. In our next set of investigations, we will also seek to quantlfy the output beam:
quahty Finally, we believe these fibers can be scaled to output energy in excess of 10mJ
ina stralghtforward fash10n as shown in the table below.

Pulse
energy (mJ)

Pulse

length
(ns)

Core
size

(um)

Flber
length (m)

Fiber. gain
(dB)

Comments

1.2

0.4

50

26

26

Galvanauskas, et al. [1]

0.6

3

30

8.3

8

LFM result from this report
Higher gains yield increased
output energy before the
onset of Raman scattering
Our result was hurt by low
gain.’

50

2.6

26

Estimated (assumes one
overcomes Raman scattering
using Galvanauskas system
and increasing pulse stretch
to 3ns)

21.6

50

2.6

26

Estimated from above based
on using LFM design to
further increase the Raman
scattering threshold
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